Abstract: Packed beds are widely used in industries and it is of great significance to enhance the heat transfer between gas and solid states inside the bed. In this paper, numerical simulation method is adopted to investigate the heat transfer principle in the bed at particle scale, and to develop the direct enhanced heat transfer methods in packed beds. The gas is treated as continuous phase and solved by Computational Fluid Dynamics (CFD), while the particles are treated as discrete phase and solved by the Discrete Element Method (DEM); taking entransy dissipation to evaluate the heat transfer process. Considering the overall performance and entransy dissipation, the results show that, compared with the uniform particle size distribution, radial distribution of multiparticle size can effectively improve the heat transfer performance because it optimizes the velocity and temperature field, reduces the equivalent thermal resistance of convection heat transfer process, and the temperature of outlet gas increases significantly, which indicates the heat quality of the gas has been greatly improved. The increase in distribution thickness obviously enhances heat transfer performance without reducing the equivalent thermal resistance in the bed. The result is of great importance for guiding practical engineering applications.
Introduction
Packed beds are widely used in various industry process, such as catalytic reactors, high temperature gas-cooled nuclear reactors, absorption towers, and so on [1, 2] . The structure of the packed reactor is simple and the efficiency is high, so it is the most commonly used reactor in industrial production and scientific research. However, the heat transfer coefficient of the packed bed is relatively low, which is very detrimental for high temperature reactors, such as nuclear reactors. Therefore it is very import to improve the heat transfer performance, cool the bed, and raise the outlet gas temperature of the packed bed reactors.
The flow structure inside the packed bed is complex, so flow maldistribution exists, especially when the tube-to-particle dt/dp ratio is small. The ratio dt/dp affects the properties near the wall region because the porosity is large here [3] [4] [5] [6] , and the changes of porosity and velocity may cover the core area of the bed, where the heat transfer mainly occurs [7, 8] . The flow maldistribution is obvious with low tube-to-particle ratio (dt/dp < 15) and will seriously affect the heat transfer or reaction in the bed [9] , which determines the design of the bed. When the bed is packed with uniform size particles, there exists a large void fraction near the wall region and it can be called wall effects [10] . Several studies aim to reveal the flow and heat transfer characteristics in the packed bed. However, the correlations of heat transfer in the packed bed with small value of dt/dp is hardly to satisfy all the packed beds [4, 11] . There are no standard empirical correlations which can be applied to all the From all available literatures about packed beds, most focus on the uniform size particles with CFD methods, and aimed to reveal the flow and heat transfer characteristics. However, the effects of multisizes particle mixing and its distribution are still not clear, and few studies have optimized the heat transfer performance inside the bed. J. Yang [17] pointed that the method of composite packing of different particle size can restrain the wall effects. Therefore, based on the CFD-DEM methods, a full numerical simulation is carried out for packed beds with low tube-to-particle ratios in this work. When the wall effects are obvious, the fluid will flow away from the wall region and heat transfer in the center is poor, so the optimal objective is to restrain wall effects, reduce the porosity near the wall, and strengthen the heat transfer in the core area. Considering particle motion and heat conduction between particles, the effects of radial distribution of particle size and the distribution thickness on the heat transfer and fluids flow are discussed. Entransy dissipation is used as criteria to evaluate the performance of different parameter configurations. The result is of great significance to design the packed beds reactors and reduce the volume of beds, especially for high temperature gas-cooled reactors.
Mathematical Model
In the CFD-DEM coupling approach, the discrete element model is based on the so called soft sphere model, and the gas phase is modeled as a continuum. The force and motion of particles are tracked at particle-scale level, and the key assumption is that the time step is small enough that the disturbances propagation distance is no more than one particle, so the velocity and acceleration of each individual particle are constant in one time step, so the interaction between particles within each time step can be ignored, and, after the end of one time step, the information of the interaction between particles will be updated and will be the start of the next step [44] ; the macroscopic behavior of particles clusters is the cumulative result of the particle-scale behavior. The interaction of solid particles on gas phase is considered as the source of mass, momentum and energy equations. In current work, the mass exchange between particle and gas is neglected. The model description is given below.
Governing Equations for Solid Particles
There are two types of motion for a particle in moving bed-translation and rotation-and the motion of individual particles is determined by Newton's second law of motion, while the Hertz-Mindlin contact theory is adopted for the interaction between particles. So, the governing Equations of particle i with mass mi and moment of inertia i I can be written as
where i v and i ω are the translation velocities and rotation velocities of the particle i, and c k is the number of particles interacting with particle i. M , are the torques generated by tangential force and rolling friction force. In this work, the expressions of forces and torques have been listed in the literature [20] .
Contacts between particles are significant for dense phase such that conductive heat transfer must be taken into account. The heat flux between the particles is defined as Equation (3), and the contact area is incorporated in the heat transfer coefficient c h , as shown in Equation (4). The temperature change over time of each particle is updated explicitly by Equation (5) . 
Governing Equations for Gas Phase
The gas is treated as a continuum phase, and for the incompressible fluid, the fluid field can be solved by continuity, momentum, and energy conservation equations. In the current work, the standard ε k -model is adopted to solve fluid flow, and the governing Equations are given as follows.
Continuity Equation:
)
Energy Equation:
where f ρ , u , and p are the fluid density, velocity, and pressure. S and e S , the expressions of m S , e S are given in detail [45] .
Heat Transfer Models
The fluid and particles are obtained by solving Equations (1), (2), (6) and (7); while the heat transfer between particles and fluid is governed by Equations (5) and (8) . In the present work, the temperature of particles is up to 800 K, so there are three heat transfer mechanisms considered-heat conduction, heat convection, and particle radiation-where the convection heat transfer between fluid and the wall is not considered and the wall is regarded as adiabatic. The models used to describe the different heat transfer mechanisms have been described in detail [33] , and for the sake of simplicity, are no longer described here.
In order to better describe the heat transfer performance in the packed beds, several parameters are defined here. The Reynolds number and pore scale hydraulic diameter dk are defined as follows.
The heat transfer coefficient and the Nusselt number are defined below.
where, f Q is total heat flux of the heat convection in the packed beds and p T and f T are the average temperature of the particles and fluids in the beds, respectively. Because of the improvement in heat transfer, at the cost of the increase of pressure drop, in order to compare the overall performance of different configurations, the expression is defined:
where the 0 Nu and 0 f is the Nusselt number and friction factor of the packed with uniform particle size distribution.
Entransy Dissipation
As described above, the entransy dissipation is introduced to describe the heat transfer ability.
Different from the energy destruction minimization [46, 47] , for the simple heating or cooling process, entransy dissipation is more suitable as a measure of the irreversibility of the heat transfer process. The heat transfer process studied in this paper is to cool the high temperature particles with cold air, so it is suitable to take entransy dissipation as a measure of heat transfer performance.
According to a previously described definition [43] , the entransy of flow fluid in the opening system is as follows.
where H is the enthalpy of the flow fluid and m  is the mass flow rate.
Entransy is not conserved and will dissipate during fluid flow, the entransy dissipation rate of unit volume and unit time is
Equation (15) is derived from the entransy balance equation, which is derived from the thermal energy conservation equation, and the h Φ can be considered as the local entransy dissipation. The detailed derivation has been given by the researchers [41] , and it is omitted here due to the complexity of the derivation. According to the entransy dissipation extremum principle, when the boundary temperature difference is given, maximizing the entransy dissipation leads to maximum boundary heat flux, which leads to the minimum of equivalent thermal resistance, which is the best performance for the heat transfer [48] . It can be expressed as
The entransy dissipation is the function of heat flux and temperature gradient, as shown in Equation (11) , applying the variational method [49] to the entransy balance equation, Equation (12) can be obtained. At a given temperature difference, the equivalent thermal resistance is defined as the ratio of the square of temperature different divided by the entransy dissipation, which can be written as (17) where, T Δ is the average temperature difference. The smaller h R is, the better the heat transfer performance and the stronger the heat transfer ability is. Due to entransy dissipation is the function of heat flux and the temperature gradient, the total entransy dissipation, because of the finite temperature difference in the packed bed, is defined as follows.
where, h T and c T are the temperature of high particles and temperature of cold fluid. So the T-Q graph can be used to visually represent the entransy dissipation of the heating or cooling process
Simulation Conditions
The physical model of packed bed used in this work and the boundary conditions is shown in Figure 1 . There are two sections of the physical model: packed section and outlet section. Considering the complexity of the gas flow in the particle section, and avoiding the influence of the outlet reversed flow, the outlet extends 90 mm downstream. The inlet is specified as a velocity inlet, the outlet is specified as a pressure outlet, and the wall is considered as adiabatic. The packed section is filled with particles with different sizes. Detailed geometric parameters of the packed bed and boundary conditions are shown in Table 1 . Firstly, the particles with temperature of 800 K fill with the packed section, until the steady state of the particles is achieved, and then the gas is introduced from the bottom with velocity of 5 m/s, with temperature of 293 K, and after sufficient heat exchange between particles and gas, the gas flows out at the outlet and will be recycled for other use. In order to study the strengthening effects of the mixing of particles with different sizes, the packed beds with different particle size distribution are shown in In order to further study the influence of particle size distribution on the heat transfer process and the range of the wall effects in the bed, packed beds with different distribution thickness are studied, as shown in Figure 3 . There are three cases with different distribution thickness: case1 (the same as the d = 3-5 mm in Figure 2e ), case 2, and case 3, and the near wall region of the three cases are packed with small particles of 3 mm, as shown in Figure 3b -d. Meanwhile, the packed beds filled with big particles with diameter of 5 mm and small particles with diameter of 3 mm are also studied here as comparison, as shown in Figure 3a ,e. All the particles in the packed beds are generated by discrete element methods.
The CFD-DEM method is used to study the flow and heat transfer characteristics between gas and particles, to meet the key assumptions, the time step is selected carefully. For the cases with the minimum particle diameter of 3 mm, 4 mm, and 5 mm, the time step is selected as 1e-5s, 2e-5s, and 2e-5s, respectively. 
Results and Discussion

Model Validation
The packed bed which is randomly packed with uniform size of 5 mm is selected for model validation. And the empirical correlations proposed by Sug Lee [50] are chosen for the validation of friction factor, and the empirical correlations proposed by Demirel [43] are chosen for the validation of heat transfer process, which can be expressed by Nusslet number. The friction factor is calculated by the following expressions [37] . 
where n is the factor related to porosity, and can be expressed as
and the Nusslet number concluded by Demirel [43] for spheres can expressed as 
The CFD-DEM results of friction factor and Nusslet number are compared with the empirical correlation results, which are shown in Figure 4 , and the quantitative are given in Table 2 . As can be seen from Figure 4a , the numerical simulation results agree well with the results of correlations of Sug Lee [50] , and the maximum deviation is 10.25% when Rep number is 6592.9; and, as can be found from Figure 4b , the numerical simulation results are in good agreement with the correlation results proposed by Demirel [49] , and the maximum deviation is 6.65% when the p R number is 5405.4. Therefore, it can be concluded that the CFD-DEM approach used in the present work is reliable to simulate the fluid flow and heat transfer in packed beds with low tube-to-particle ratio. 
The Effect of Particle Diameter Distribution
The radial distribution of particle with different sizes determines the distribution of porosity along the radial direction. To analyze the results conveniently, four typical cross-sections are selected, as shown in Figure 5 , the sections of Z = 0.07922m, Z = 0.06922m, and Z = 0.05922m are XY planes close to the outlet, and the plane of Y-section is ZX plane that is at the location of Y = 0m. In the present work, the tube-to-particle ratio is relatively low (8 < dt/dp < 13.3), as discussed above, for low tube-to-particle ratio, the porosity near the wall region is larger than that in the central region when the bed is packed with particles of uniform size; and the gas flows away from the near wall region without sufficient heat exchange with the solid particles, so higher gas velocity can be found near wall region, as shown in Figure 6b , meanwhile, the temperature of the gas is lower than that in the central region, as shown in Figure 6a . Also it can be found from Figure 7 that there is large difference in temperature along the radial direction from the wall to the center of the tube, and the max temperature difference is almost 10 °C near the wall region (one diameter from the wall to the center in the radial direction) at the different cross-sections, which means that the wall effects is obvious. So it is important to decrease the porosity near wall region, improve the velocity, and optimize the flow field and temperature field. Figure 8a , and the Nu of multiparticle size distributions, which is higher than that of uniform particle size distribution at different Re, meaning that the heat transfer performance is better, and the heat transfer performance of case d = 3-5 mm is the best. However, the improvement of heat transfer performance is at the cost of the increase of pressure drop, as shown in Figure 8b , the better heat transfer performance corresponds to the higher friction factor. Figure 8c compares the overall performance of different configurations, with the performance of uniform particle size distribution as a reference. It can be seen that at low Re, the overall performance of multiparticle size distribution is better than reference, but with the increase of Re, the overall performance becomes worse than the reference, which is mainly because the pressure drop increase too fast. So at low Re, d = 3-5 mm is recommend because of the better overall performance.
To analyze the nature of the different heat transfer performances, the temperature and velocity distributions of different particle size distribution at section Y-Sec are shown in Figures 9 and 10 (Re = 6399). It is found that, due to the small particles are placed in the near wall region, the velocity distribution throughout the bed is more uniform compared with the uniform particle size distribution, and the temperature of the near wall region is close to that of the central region in the case d = 4-5 mm, as shown in Figures 9c and 10c . Moreover, with the decrease of particle size near wall region (d = 3-5 mm), the porosity decreases further, so the velocity throughout the bed has been increased, so the heat transfer in the core area is enhanced, as shown in Figures 9e and 10e , the temperature at the outlet is higher, as listed in Table 3 . The radial temperature distributions of five different particle size distributions at the same section (Z = 0.07922 m) are shown in Figure 11 . The uniform particle size distribution d = 5 mm, and the random distribution mixing 4-5 mm, mixing 3-5 mm have similar temperature distributions in the radial direction, namely, the temperature in the near wall region is lower than that in the central region, so it indicates the random mixing of big and small particles cannot restrain the wall effects. While the cases of d = 4-5 mm and d = 3-5 mm can improve the temperature in the near wall region, they also restrain the wall effects and optimize heat transfer in the beds.
The effects on heat transfer also can be found from the change of the isothermal lines, for the uniform particle size d = 5 mm, as shown in Figure 9a , the isothermal lines are concave, and both the temperature gradient and heat flux are toward to the center of the tube, but the gas velocity in the center is low, which indicates the heat transfer in the central area is weak; while for d = 4-5 mm and d = 3-5 mm, the isothermal lines are convex, so both the temperature gradient and heat flow are toward to the near wall region, and the velocity in the near wall region is relatively high, as shown in Figure 9c -e, as a result, the heat transfer throughout the beds are improved. Due to the fact that the velocity of the case of 3-5 mm distribution is higher than that of 4-5 mm, there is more heat flux in the d = 3-5 mm, so the outlet gas temperature is higher, as listed in Table 3 . The isothermal lines in the cases of mixing 4-5 mm and mixing 3-5 mm are similar to the uniform size distributions, as shown in Figure 9b ,d, the heat transfer in the bed is not optimal. So the radial distribution of particle size can obviously enhance the heat transfer in the bed.
In order to evaluate the loss of the heat transfer ability in the process, the T-Q graph and the equivalent thermal resistance is shown in Figure 12 . The larger the area surround by the curve is, the greater the entransy dissipation is, and, according to the minimum thermal resistance principle [36] , the heat flux is larger, which corresponds to the better heat transfer performance when the boundary temperature is constant, as shown in Figure 12a ; the equivalent thermal resistance is smaller, as shown in Figure 12b . It can be seen from Figure 12 that, the area enclosed by the curve corresponding to the distribution of d = 3-5 mm is the largest, and the equivalent thermal resistance is the smallest, so for the d = 3-5 mm, the heat transfer ability between the gas and solid is utilized in the greatest extent. It should be noticed that there are small difference of the thermal difference between the case of d As a result, considering the overall performance and the loss and heat transfer ability, it can be concluded that the improvement of heat transfer effect is at the cost of the loss of heat transfer ability. And the radial particle size distribution of 3-5 mm is the optimal configuration. 
The Effect of Distribution Thickness
As discussed above, the radial distribution of particle size can obviously improve the heat transfer performance in the bed, in order to study the range of the wall effects the influence of radial distribution thickness on heat transfer is investigated, as shown in Figure 3 .
The flow and heat transfer performance are greatly affected by the distribution thickness, as shown in Figure 13 , with the increase in distribution thickness, the Nu increases at different Re, but the f also increases. However, with further increase in distribution thickness, the multiparticle size distribution becomes the uniform size distribution of d = 3 mm, and the heat transfer performance decrease obviously. The overall performance is shown in Figure 13c , and the performance of the case3 is best, the case d = 3 mm is worse than case d = 5 mm, which indicates that for the uniform size distribution, the decrease of particle size cannot improve the performance of the beds, and the increase of the outlet temperature is due to the increase of the heat transfer area. The temperature distributions along the radial directions at the same section (Z = 0.07922 m) are shown in Figure 14 . It is clearly that the average temperature increases with the increase of distribution thickness, and there is a big jump of temperature when the radial distribution of particles starting from uniform size (from the d = 5 mm) to the case1. Moreover, the temperature distribution trends of case1, case2, and case3 are the same: the temperature increases first and then decreases along the wall to the center of the tube, the turning point of temperature change is one particle diameter away from the wall, so it can be inferred that the wall effects are just one diameter away from the wall The different performance can be analyzed from the flow and temperature filed, as shown in Figures 15 and 16 (Re = 6399). With the increase of the radial distribution thickness (from Figure  3a- e), the big local flow channels formed in the central region decrease, and the local gas velocity increases, which leads to the improvement of heat transfer throughout the bed, and the outlet temperature is obviously increased, as listed in Table 3 . But as the distribution thickness further increases (Figure 3e) , the flow and heat transfer characteristics are the same as that of the uniform particle size. For the uniform size of d = 5 mm and d = 3 mm, the isothermal lines change in the similar trend along the radial direction from the tube wall to the center, namely, the isothermal lines are concave, the wall effects are obvious, the outlet temperature of d = 3 mm is higher than that of d = 5 mm-because the average porosity of the whole bed is lower and the heat transfer area is larger-but the heat transfer performance in the bed is not improved.
The entransy dissipation and the equivalent thermal resistance of the five different distributions are shown in Figure 17 , the area enclosed by the curve increases gradually with the change of the distribution thickness. So it shows that the entransy dissipation and the heat flux Q increase obviously when the particle size changes from uniform size of d = 5 mm to the case1, and the equivalent thermal resistances decrease obviously, as shown in Figure 17b . The obvious increase in entransy dissipation and heat flux from the uniform size of d = 5 mm to the case1 occurs because the heat transfer performance is obviously improved. However, the difference of thermal resistance of case1, case2, and case3 is very small, and this is because the change of the distribution thickness do not improved the temperature and flow filed so much, as shown in Figures 14 and 15 , the fields of case1, case2, and case3 are similar, and the temperature gradient is similar, so there is a small difference in entransy dissipation and the equivalent thermal resistance. As a result, considering the overall performance and the entransy dissipation, it can be concluded that the range of wall effects is just one particle diameter away from the wall, the heat transfer effects can be obviously improved by filling small particles in the near wall region, and the increase of distribution thickness can improve the heat transfer performance. The wall effects can be well restrained by the radial distribution of the particle size. 
Conclusions
In the present paper, by adopting the CFD-DEM coupling method, the effects of radial distribution on particle size and distribution thickness on heat transfer are studied, the utilization of the heat transfer ability and the equivalent thermal resistance in the packed bed is analyzed. The main findings are as follows.
1. By changing the radial distribution of the particle size in the bed the velocity distribution and temperature distribution in the bed can be effectively improved, the wall effects are well restrained, and the heat transfer ability between the gas and solid is utilized in the greatest extent. 2. The range of wall effects is just one particle diameter (5 mm) away from the wall, and the heat transfer performance can be obviously improved by filling small particles in the near wall region. 3. The increase of distribution thickness can obviously improve the heat transfer effects, and the equivalent thermal resistance is reduced compared to the uniform size distribution.
The configurations in this work has improved the heat transfer in the packed bed, and increased the outlet temperature, it is important for energy saving, emission, and industrial applications. 
